The O(GeV ) extra U (1) gauge boson named U-boson, has been proposed to mediate the interaction among leptons and dark matter (DM), in order to account for the observations by PAMELA and ATIC. In such kind of models, the extra U (1) gauge group can be chosen as U (1)L i −L j with Li the i−th generation lepton number. This anomaly-free model provides appropriate dark matter relic density and boost factor required by experiments. In this work the observability of such kind of U-boson at BESIII detector is investigated through the processes e + e − → U γ, followed by U → e + e − , U → µ + µ − and U → νν. In the invisible channel where U-boson decays into neutrinos, BESIII can measure the coupling of the extra U (1) down to O(10 −4 ) ∼ O(10 −5 ) because of the low Standard Model backgrounds. In the visible channel where U-boson decays into charged lepton pair, BESIII can only measure the coupling down to O(10 −3 ) ∼ O(10 −4 ) due to the large irreducible QED backgrounds.
I. INTRODUCTION
Over the past several years, the existence of dark matter (DM) has been confirmed by many astronomical observations, but its exact nature is still unknown. The annihilation or decay products of DM like photons, neutrinos and antimatter particles may be observed by DM indirect detecting experiments. Among these methods, detecting positrons or anti-protons from DM is a challenge due to the background induced by cosmic-rays or other astrophysical sources and various uncertainties during anti-matter propagation. Recently PAMELA satellite experiment reported an excess in flux ratio of positrons to the sum of electrons and positrons around 10GeV to 100GeV while the flux ratio of anti-proton to proton has no obvious deviation from the prediction from cosmicrays [1] . In addition, the ATIC reported the total flux of electrons plus positrons spectrum measurement up to 1T eV in which there is a bump over the background around 300GeV to 800GeV [2] . These results provide a new perspective to DM research which has quite different features compared to "popular" candidates in the literatures.
The ATIC electron/positron excess suggests a heavy dark matter around O(1)T eV . To accommodate the PAMELA results, the DM seems to be leptophilic to avoid the anti-proton excess (If the measured anti-matter particles are produced in the nearby DM subhalo [3] or we use some special cosmic-ray propagation models [4] , this constraint may be loosen). For the annihilating DM, there is a significant mismatch, namely the expected thermal-DM annihilation cross-section is much smaller than those required by PAMELA and ATIC measurements. There is a class of DM scenarios which can satisfy all past experiments. The extraordinary prediction of this scenario is that there are some new light scalars or gauge bosons to mediate DM sector (eg. [5, 6] ). The exchange of light mediator should increase the DM annihilation cross section at low velocity, such as in the Galaxy today, comparing with the velocity in the epoch of freeze-out due to the so-called "Sommerfeld enhancement" [5, 6, 7] . Moreover if such mediators are the only products from DM annihilation and they are light enough to forbid the decays into baryons, the DM will produce only charged leptons. In this scenario such mediator may actually interact with all the Standard Model(SM) particles through the mixing with SM U (1) Y gauge field or Higgs field (eg. [5, 6, 8, 9] ). Instead we can impose the new symmetry to make sure that the mediator only interacts with leptons, at least at the tree-level [10, 11] . For example the mediator can be the gauge boson of an extra U (1) Li−Lj [12, 13] , where L i is the number of i-th generation of lepton. This model is anomaly free due to the cancelation between two generation of leptons with opposite U (1) charge. In this paper we will focus on the search on this kind of light new gauge boson at BESIII detector.
It is the well-motivated scientific goal to search for such light boson X at the low-energy e + e − colliders due to its possible leptophillic feature. Obviously X should not contradict with the known measurements, such as anomalous magnetic moments of charged leptons g − 2, ν − e scattering cross section, etc. [15] . Provided that the X is light, the interactions between X and SM particles should be weak. However the signals of X at colliders may be heavily polluted by large QED backgrounds. On the other hand, the invisible decay of X, i.e. X decays into final states which do not interact with detector, is promising because the irreducible SM backgrounds arise from neutrino which is suppressed by O(Q 2 /m 2 Z ) for low energy linear collider [20] . It should be emphasized that missing energy measurements are always challenging from the experimental point of view. Thus the detection of light gauge boson at the low-energy experiments is a great challenge. As a result, large luminosity is required in order to collect enough events and suppress QED back-grounds.
In this paper, we extend our previous investigation on light new gauge boson [20] to O(GeV ) at BESIII detector. In the previous work [20] , the possibilities of detecting O(M eV ) new gauge boson, usually called U-boson in the literature, has been scrutinized. Such O(M eV ) U-boson is used to explain the excess of 511 keV photon line which was observed by INTEGRAL [14] . In fact, research on extra light gauge boson has a long history [15, 16, 17, 18, 19, 20, 21] . The main production process at low-energy colliders can be e + e − → γU . If the U-boson have invisible decay channel to DM [22] , the detection will benefit from small SM backgrounds e + e − → γνν. If the U-boson decays into charged lepton pairs, the SM background is e + e − → γl + l − . For the SM backgrounds, m ll is smoothly distributed. Instead the signal peaks around the mass of U-boson, the invariant mass of lepton pair should be utilized to distinguish the events from the backgrounds. Thus the detection of such U-boson strongly depends on the mass resolution and the integrated luminosity of the experiment. Provided that the U-boson obtained the mass via the spontaneously symmetry breaking of a new scalar field, there is at least one extra scalar particle in the particle spectrum. Such scalar particle may also be detected at the low energy colliders, provided its mass are within the reach of these colliders. In this paper we do not focus on this investigation and allocate it to the further studies.
Recently, some authors did the investigations of such new light gauge boson at low energy experiments [23, 24, 25, 26, 27] . The discussions at e + e − colliders often concentrate at B-factory and φ-factory. They investigated the processes of e + e − → γU and meson decay [24, 27] , scalar strahlung [25] etc. in the context of U-boson mixing with SM particle. In this paper, we consider a gauge boson in the model with extra U (1) Li−Lj gauge group which will be described in the next section. This paper is organized as following. In the section II, we describe the U (1) Li−Lj model with an extra light Uboson, as well as the constraints from current low energy experiments. In Section III, we discuss the influences of such gauge boson in the epoch of DM freeze-out and in the Galaxy today. We found that the coupling between DM and U-boson is about O(10 −1 ) while the allowed couplings between SM fermion and U-boson are small. In Section IV, we simulated the signals and backgrounds for U-boson at the BESIII detector. The conclusions and discussions are given in the last section.
II. THE MODEL
We adopt the models in the Ref. [10, 12] in which the extra
This gauge group is broken by a SM singlet scalar Higgs field S which gives the U-boson mass around O(GeV ). We define g A = g ′′ · C A (A denotes any particle), where g ′′ is gauge coupling constant of the extra U (1) interaction, and C A is the extra U(1) charge of a particle. Besides the SM Lagrangian, the additional Lagrangian may be written as
where F ′ µν and F µν are the field strength for U-boson and the gauge boson B of U (1) Y , respectively. D µ = ∂ µ + ig A U µ is the covariant derivative, V (S) is the S field potential, and L DM is the Lagrangian which describes the interactions of DM sector.
Generally speaking, the mixing parameters κ and λ SH among the new bosons and SM bosons are not zero, but they tend to be small due to the limits from low energy experiments. If we forbid these mixing parameters at the tree level, they will be induced from the higher order contributions. But the interactions by higher order contributions are usually small [10] . In this work, we neglect the mixing effects for simplicity. The scalar potential can be written as µ
After the spontaneous symmetry breaking of S with the vacuum expectation value v S / √ 2, U boson obtains mass to be m U = g ′′ v S /2. In our work we do not work on the possibility of searching light scalar S which has been discussed in the Ref. [25] . There is also an extra heavy particle χ as the candidate of DM in the model. The particle χ can be a scalar or vector-like fermion (such choice is the simplest way to construct anomaly-free model) with mass around 1T eV which is favored by ATIC experiment. The Lagrangian of DM can be written as [10] 
The parameters m χ and g χ are important in the DM sector, but they have negligible effects on the low-energy experiments. The parameter m U is important in both sectors and it mediates the interactions among the DM and the SM particles. Note that the interactions between U-boson and leptons are vector-like and the U-boson couples also with the neutrinos. In addition, the U − ℓ −l couplings g l are universal for two generations of leptons. These couplings have been constrained by many known low energy measurements. From these observations, the constraint on the contributions to the anomalous magnetic moments of the charged leptons a l = (g l − 2)/2 induced by U-boson are very stringent. The additional contributions from U-boson for a vector-like interactions is given by [15] 
For the g e , following the discussion in Ref. [15, 28] , we have the constraint δa V e < 1.5 × 10 −11 . For the g µ and g τ , we impose conservative constraints as δa V µ < 2.6 × 10 −9 and δa V τ < 1.3 × 10 −2 by using the results from Ref. [29] and Ref. [30] respectively. Another stringent constraint for vector-like coupling arises from low|q 2 | neutrino-electron scattering [31] as |f ν f e |/m 2 U < G F [15] . The universal leptonic couplings can be written as |f e | 2 /m 2 U < G F . Combing all these constraints, the coupling g l should be smaller than O(10 −3 ).
III. LIGHT GAUGE BOSON INTERACTING WITH DM
From section II, we can see that the couplings among U-boson and SM particles are small. However the couplings among U-boson and DM can be large. It is quite natural to assume the main products of DM annihilations are light U-bosons. In this section we will investigate the magnitude of couplings among U-boson and DM from cosmological point of view.
At the high temperature, the U-boson can reach the equilibrium with the charged leptons and neutrinos. The thermal relic density of DM, only for s-wave, is given by [32] 
where m pl is the Planck mass of 1.22 × 10 19 GeV . The g * is the effective number of relativistic degrees of freedom, which is around 100 at the epoch when DM is freeze-out. The < σv > is the thermally averaged DM annihilation cross section from s-wave in unit of GeV −2 . The x f is related to the freeze-out temperature T f and is defined as x f = m χ /T f , which can be expressed as
If the DM is fermion, the thermal averaged annihilation cross section at freeze-out epoch is
It is obvious that the cross section only depends on g χ and m χ when m U /m χ approches 0 for light U-boson here. For the scalar DM case, the results can be written as
If the DM also carries extra U (1) charge, the cross section requires an extra factor 1/2 for averaging initial DM charge [6] . If the DM mass is O(T eV ), the correct relic density requires g χ ∼ O(10 −1 ). Comparing with g l ≤ O(10 −3 ) depicted in last section, we can conclude that DM should have much larger U (1) charge than those of the SM leptons (some possibilities to explain this feature have been discussed in the Ref. [10] ).
In the Fig.1 , we show the possible parameter region which satisfies the relic density 0.085 < Ωh 2 < 0.119. From the figure we can see that the g χ is indeed O(10 −1 ) for DM with mass of O(T eV ). The light U-boson may enhance the DM annihilation cross section at low velocity in the Galaxy today due to the non-perturbative effect named "Sommerfeld enhancement"(a complete analysis can be found in the Ref. [5, 34] ). This non-relativistic quantum effect arises because the two particle wave functions are distorted away from plane wave by the presence of a potential if their kinetic energy are low enough. In the language of quantum field theory, it corresponds to the contribution of ladder diagrams due to the exchange of some light scalars or gauge bosons during two incoming DM particles undergoing some annihilation reaction. In the nonrelativistic limit, the exchange of a scalar boson or a vector boson would give the same result [33] . This enhancement can be described by a factor S which is defined as a factor to multiply with the tree level DM annihilation cross section, σ = σ 0 S. This factor is essential to interpret the difference between the DM cross section required by the correct thermal relic density and the PAMELA/ATIC positron anomaly. 
where ψ(r) is the reduced two-body wave function, m χ and m U are the masses of DM and the light gauge boson respectively, β = v/c is the velocity of DM in the center-of-mass frame and α = g 2 χ /(4π). The boundary condition can be chosen as ψ ′ (∞)/ψ(∞) = im χ β. Then the Sommerfeld factor S is given by S = |ψ(∞)/ψ(0)| 2 . The behavior of S depends on four parameters m U , m χ , α and the velocity of DM β.
Since the DM particles do not have monochromatic relative velocity, a more realistic result needs to consider the speed distribution of DM in the Galaxy. Here we assume the DM velocity distribution in the halo as a single truncated Maxwell-Boltzmann distribution
) with velocity dispersion σ v [35] . The average of the Sommerfeld enhancement over the distribution of relative velocities in the halo is,
The numerical results of S andS are given in the Fig.2 , Fig.3 and Fig.4 . We can see that the velocity distribution function f (v) has large possibility to have velocity around O(σ v ), with the most probable velocity at √ 2σ v . If the σ v is very small, then f (v) behaves like some delta function around O(σ v ). In this case, theS has the same behavior with S. If the σ v is quite large, the f (v) is a broad distribution around O(σ v ). In this case, theS is the composition of different S(v). In Fig.2 and Fig.3 , the behavior of S andS agree with the above discussion. To better understand the dependence of S on its four free parameters, we discuss the behavior of S by simplifying the equation under reasonable approximation. Since the light gauge boson is much lighter than the DM, we can expand the Yukawa potential. The Eq.8 can then be written as,
If αm U /m χ ≪ β, the behavior of DM annihilation by exchange U-boson is similar with Coulomb scattering. If α ≪ β (and automatically αm U /m χ ≪ β, because m U ≪ m χ in our case), the enhancement can be negligible with S ≃ 1. This is the non-enhancement case. If αm U /m χ ≪ β ≪ α, the S is enhanced by 1/β with S ≃ πα/β. This is the moderate enhancement case. In the Fig.2 , the lines with β = 10 −2 , 10 −3 correspond to the moderate enhancement. In the Fig.4 , the lines with m U = 10GeV , 5GeV , 0.5GeV and 0.1GeV are also the cases of moderate enhancement. Before the saturation, we can seeS grows with 1/σ v linearly. However,S does not go to infinity because it saturates at some small velocity dispersion. We can see if the mass m U is small, the value of σ v to reach the saturate platform is also small.
If αm U /m χ ≫ β, the Eq.10 has the similar form as the equation describing hydrogen atom. The positiveness of the right hand side of the equation points to the existence of bound states which can significantly enhance the S [34, 36] . The enhancement is finite due to the saturation in the low velocity regime or finite width of the bound state. Close to the resonance, S ≃ αm U mχβ 2 , which is the resonance enhancement case. Recalling the energy level of hydrogen atom E n , the equation meets different resonances when we vary the value of m χ . Therefore the resonances appear periodically in the Fig. 2 and Fig. 3 .
In addition for αm U /m χ ≫ β, the equation can neglect the term which contains β. That is the reason why the resonances locate at the same m χ for different values of β or σ v in the Fig. 2 and Fig. 3 . In the Fig. 4 , the line with m U = 1GeV shows that it is close to a resonance when σ v is low enough which makes it different from other four moderate enhancement cases. From Fig.2, Fig.3 and Fig.4 , we can see that the Sommerfeld enhancement is around O(10 2 ) for a typical DM velocity dispersion of 10 −3 in the halo today. For the lower velocity, the enhancement will increase significantly. Such large enhancement is required to explain PAMELA/ATIC results.
IV. SEARCHING FOR U-BOSON VIA e
+ e − → U γ PROCESS At the BESIII detector, the luminosity of e + e − collision is 10 33 cm −2 s −1 at √ s = 3.097GeV . In our numerical simulations we choose e + e − integrated luminosity as 20f b −1 which corresponds to data samples collected within four years. Throughout the paper, we utilize the package CalcHEP [37] to simulate signal and corresponding background processes after appropriate modifications of the model file.
In the model we adopted here, the U-boson does not directly couple with quarks, so the signals and backgrounds are mainly leptons and photons. Since the √ s which we adopted in this paper is lower than 2m τ , the U-boson at BESIII can not decay into two tau leptons. Thus, we do not take into account the tau signals. In the visible decay channel, the U-boson decays to electrons and muons. In the invisible decay channel, the U-boson decays to corresponding neutrinos.
A. Invisible decay mode U → νν
The signal process is
The main SM backgrounds for the signal process are In Fig. 5 we show the photon energy distribution for backgrounds with |cos θ γ | < 0.9. Here θ γ corresponds to the angle among electron beam line and photon. The background has the continuous photon comparing with the mono-energetic photon from signal which has energy
Note that the background is from higher-order contributions, i.e. O(αG 2 F s), compared to the signal. At the BESIII, the energy resolution for electrons or photons is about 2.3%/ E(GeV ) ⊕ 1% with the energy measurement range from 20M eV to 2GeV [38] . Therefore we impose the cuts as following,
In Fig. 6 we show the lower limit of g l for detecting U-boson as a function of m U with S/ √ S + B > 5, in which S and B represent the number of events for signal and background respectively 1 . We also give the possible constraints from the g − 2 and low energy ν − e cross section. 1 In Ref. [20], there is a typo for the definition of significance in invisible channel which should be S/ √ S + B. Our numerical results agree with the result in Ref. [20] . The reason for choosing S/ √ S + B other than S/ √ B in the invisible channel is that the background is extremely low. The number of background B is usually below 1. However, in the visible channel, we choose S/ √ B because both signal and background have enough statistics. We do not show the looser upper bound from ge −2 and gτ −2, since they are larger than O(10 −2 ) here.
B. Visible decay mode U → ll
The U boson can decay into charged lepton pairs which has the signal e + e − → U γ → llγ. In the signal process the m ll peaks around m U , and the SM background has the smooth m ll except around √ S and low energy region due to t-channel contributions with soft photon and schannel contributions, respectively [20] . In Fig.7 and Fig.8 , we show the m eē and m µμ distribution of the SM backgrounds. Since the signal peaks around m U , the resolution of m ll is important to suppress the backgrounds. To clearly separate the electron and photon, the BESIII requires directions of two particle has an open angle larger than 20
• [39] . Thus we have the following cut conditions,
where θ i (i = l,l, γ ) corresponds to the angles among initial electron beam line and final state particles respectively. The θ lγ means the angle between the lepton and photon in the final states. Many photons with energy lower than O(10)M eV come from the final state radiation of e + e − → l + l − . The direction of radiated γ is close to the direction of outgoing charge leptons. So it is obvious to see that the Eq.(17) excludes most l + l − γ events with low m l + l − in the Fig.7 and Fig.8 . We give three kinds of ideal m ll resolution cuts which are 1M eV , 3M eV and 5M eV . The huge background has been suppressed at least two orders of magnitude via cuts in Eqs. [15] [16] [17] . Fig.9 and Fig.10 show the lower limit of g ℓ as a function of m U with S/ √ B > 5 for signal channel e + e − → U γ → eēγ and e + e − → U γ → µμγ respectively. The conventions are the same with Fig.6 . We can see that the g l can reach around 10 −3 ∼ 10 −4 which is similar for the two visible channels. Note that the invisible channel can reach the 10 −4 ∼ 10 −5 region because of the lower SM background.
V. CONCLUSIONS AND DISCUSSIONS
In this paper we investigated one unified DM picture which can account for the recent PAMELA/ATIC observations while still consistent with other measurements, in a model with an extra U (1) Li−Lj gauge group with L i the i−th generation lepton number. In order to obtain the boost factor (BF) via the so-called Sommerfeld enhancement, the light new gauge boson O(GeV ) is required, though the DM is around O(T eV ). After showing that the required BF can be easily realized, we simulated the signal and background of U-boson at BESIII detector. Our studies showed that it is possible to detect such light leptophilic U-boson at the BESIII via the process of e + e − → U γ, followed by U → e + e − , U → µ + µ − and U → νν. All the U-boson decay modes can be utilized to search for U-boson. For the U-boson invisible decay mode U → νν, the BESIII can measure the coupling of the extra U (1) down to O(10 −4 ) ∼ O(10 −5 ) with 5σ significance. For the charged lepton decay modes, the 5σ detecting limit can reach 10 −4 ∼ 10 −3 for U-boson mass m U = 0.5GeV ∼ 3GeV . In fact, the U-boson search at BESIII can also be carried out at √ s = 2 ∼ 5GeV . By the scanning of √ s, it is even possible to detect the U-boson by the e + e − and/or µ + µ − resonances. Besides the low energy collider search for light leptophilic U-boson, we would like to mention the interesting features in the DM indirect and direct detection experiments. First, If the U (1) group is gauged under U (1) Lµ−Lτ , the final positron spectrum from DM annihilation does not fit ATIC results very well. It requires heavier DM than U (1) Le−Lµ and U (1) Le−Lτ cases, because the initial energy spectrum of positron from µ or τ are quite soft. Second, because U − ν couplings equal to U − l ± , DM annihilations will produce high energy neutrinos with energy of m χ /2. It is possible to detect such neutrino flux in the next generation of neutrino telescopes such as IceCube, Antares, etc [40] (Moreover, the U (1) Li−Lj will induce the interaction between the highenergy neutrinos and the background neutrinos. Measuring high-energy cosmic neutrino flux spectrum at neutrino telescopes may find an absorption feature due to the new U (1) interaction [41] .) On the other hand, the Super-Kamiokande(Super-K) data of neutrinos from the Galaxy Center(GC) [42] can be used to constrain the model. If the U-boson have decay channel to electron/positron, we only need a boost factor of a few hundreds to explain PAMELA/ATIC results, since the positron spectrum from such decay channel is quite hard [43] . Fortunately, such boost factor does not violate the Super-K limit, especially for DM profile which is smooth in the GC [40, 44, 45] . Third, the χ − e interaction may induce visible leptonic recoils far larger than nuclear recoils at the DM direct detection experiments, because the DM only directly couples to leptophilic U-boson. This feature may be used to explain the DAMA modulation signal [10, 46] , but it still faces some problems [47] .
Recently, Fermi [48] and H.E.S.S. [49] give their results on the electron and positron flux. The sharp ATIC "bump" at 300 ∼ 800GeV are not reported. For annihilating DM, the e + e − channel is not eagerly needed since there is no peak. The µ + µ − and τ + τ − channels are needed to fit the Fermi data. In annihilation scenario, the light new mediating particle is usually needed to provide the Sommerfeld enhancement. If it is an extra U(1) gauge boson, it is difficult to avoid the decay to e + e − in the scenarios where the new gauge boson couples to leptons via kinetic mixing to photon. But it can avoid e + e − if this extra U(1) assigns charge directly on leptons, like U (1) Lµ−Lτ discussed in this paper (unfortunately, such new gauge boson in the model with extra U (1) Lµ−Lτ would not easily be produced in the low-energy e + e − colliders). Interestingly, if it is a scalar boson which has mixing with Higgs, it naturally avoids e + e − since the couplings with leptons are proportional to lepton mass [50, 51] . It should be mentioned that µ + µ − and τ + τ − channels in annihilation scenario usually receive stringent limits from gamma and neutrino observations, while decay scenario can cleanly compatible with these observations [50, 52] . For decaying DM, the µ and τ leptons are also needed to interpret Fermi. This usually relies on some special requirements on the Yukawa coupling coefficients [53] .
